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(57) ABSTRACT 

Methods and compositions are disclosed for coating a bio 

compatible medical implant With a surface layer having 

antioxidant activity. In various embodiments, a surface layer 

described herein destroys the oxidative activity of a reactive 

oxygen species (ROS) upon contact. An ROS can be, for 

example, an ROS generated by neutrophils in vivo. In 

various embodiments, a surface layer comprises a titanium 

oxide layer that can comprise a rutile, an anatase or a 

perovskite crystal structure, and can include defects com 

prising Ti(III). In some embodiments, the oxide layer can 

further comprise a dopant such as niobium. In some embodi 

ments, methods for forming a surface layer on a biocom 

patible medical implant having antioxidant activity are dis 
closed. These methods include subjecting a surface 

comprising titanium to anodic spark deposition (ASD). An 
implant surface subjected to ASD 
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BIOCOMPATIBLE TITANIUM ALLOYS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Patent Application 60/771,600 ?led Feb. 8, 2006, Which is 
hereby incorporated by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention Was made in part With Government 
support under National Institutes of Health Grants 
EB000823, and AR47032. The Government has certain 
rights in the invention. 

FIELD 

[0003] The present teachings relate to materials With bio 
compatibility properties for use as medical implants and for 
the storage and culturing of medical samples. 

INTRODUCTION 

[0004] Titanium and some titanium alloys exhibit good 
biocompatibility When used as materials for medical 
implants and devices. However, implants coated With or 
composed of titanium or some titanium alloys can still 
provoke an in?ammatory response. 

[0005] Titanium is a biomaterial that exhibits good bio 
compatibility and evokes minimal in?ammatory response 
folloWing implantation. Titanium and its alloys have been 
used as biomaterials due to their biocompatibility properties 
(Wang, K., Materials Science & Engineering A-Structural 
Materials Properties Microstructure & Processing, 1996. 
213(1-2): p. 134-7. Early studies observed that titanium 
bone implants in animals are Well accepted When compared 
to other metals, and titanium is used extensively in restor 
ative surgery, particularly as a bone-anchoring and joint 
replacement material. Other studies have shoWn that tita 
nium evokes less tissue reaction in rabbit muscle as 
compared to other metals. To increase the choices When 
selecting biomaterials for the needs of a particular implant, 
investigators have used metalliZation of polymeric implants 
or have modi?ed the surface of titanium and its alloys to 
increase Wear-resistant properties (US. Pat. No. 5,468,562 
to Farivar et al.; WIPO patent application WO99474716 of 
Olsson et al.). Metal alloy biomaterials used for implants 
include titanium alloys, cobalt-chromium-molybdenum 
alloys, cobalt-chromium-tungsten-nickel alloys and non 
magnetic stainless steels (300 series stainless steel). See, 
e.g., US. Pat. No. 4,775,426 to Murley et al. Such materials 
still produce a signi?cant immune response, hoWever, often 
necessitating immune-suppressive drugs having formidable 
side effects. Although titanium is Widely used as an implant 
material, the mechanisms of its superior biocompatibility are 
presently unknoWn. Although TiO2 is a good biocompatible 
material, it still provokes a signi?cant in?ammatory 
response. 

[0006] TiO2 can act as a catalyst in reactions involving 
reactive oxygen species. Crystalline TiO2 poWder can be 
used as a photocatalyst for the puri?cation of Water. 
Hydroxyl radicals that initiate oxidation of hydrocarbons to 
carbon dioxide, Water and Water-soluble organics are 
involved in these reactions. Such ?ndings indicate that 
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titanium oxide can act as a catalyst in reactions involving 
free radical species (SuZuki, R., and Frangos, J. A., Clinical 
Orthopaedics and Related Research 372: 280-289, 2000). 

[0007] Implanted biomaterial devices can be seen as for 
eign bodies by the immune system, and can elicit an 
in?ammatory response. See Gristina, A. G., Clinical Ortho 
paedics and Related Research 298: 106-118,1994. This 
response is evidenced by the increased activity of macroph 
ages, granulocytes, and neutrophils, Which attempt to 
remove the foreign object by the secretion of degradative 
enZymes and free radicals like superoxide anion to inactivate 
or decompose the foreign object. Woven dacron polyester, 
polyurethane, velcro, polyethylene, and polystyrene Were 
shoWn to elicit superoxide production from neutrophils by 
Kaplan, S. S., et al, J. Bio. Mat. Res. 26: 1039-1051, 1992. 

[0008] The reaction of titanium metal With reactive oxy 
gen species has long been recognized (Williams, D. E, J. 
Med Eng Technol. 1 :195-198, 1977; Sundgren J-E, et al., J. 
Colloid Interface Sci. 110: 9-20, 1986; Tengvall, P. et al., 
Clin Mater. 9: 115-134, 1992). It has been observed that 
implanted titanium metal is readily corroded, leading to 
reaction products Which include soluble TiO2(aq), TiO2' 
and TiO22_, Ti-superoxide and Ti-peroxide, and Ti-peroxy 
gel (Tengvall, P. et al., Clin Mater. 9: 115-134, 1992). Such 
reaction products can accumulate in spite of the presence of 
a “passivating” TiO2 surface layer, due to the diffusion of 
titanium and oxygen atoms through the oxide layer. 

[0009] It has been previously demonstrated that crystalline 
TiO2 promotes the breakdoWn of hydrogen peroxide, per 
oxynitrite, and superoxide (Tengvall, P. et al., Biomaterials 
10: 166-175, 1989; SuZuki, R., et al. J. Biomed. Mater. Res. 
A 66: 396-402 2003; Sahlin, H., et al., J. Biomed. Mater. 
Res. A 77: 43-49 2006). It Was speculated that the valence 
state of titanium plays a role in the degradation of ROS 
(Tengvall, P. et al., Biomaterials 10: 166-175, 1989; Sahlin, 
H., et al., J. Biomed. Mater. Res. A 77: 43-49 2006). 

[0010] TiO2, BaTiO3, and SrTiO3 are Well knoWn to have 
catalytic properties (KoWalski, J. M., and Tuller, H. L. 
Ceram. Intl. 7: 55-59 1981; Henrich V E., Rep. Prog. Phys. 
48: 1481-1541, 1985. These surface properties depend on 
the surface chemical composition and electronic structure. 
Nonstoichiometric, or oxygen de?cient, materials in general 
produce neW electronic states that do not exist on a stoichio 
metric surface. Annealing at high temperatures reduces these 
materials through the production of oxygen vacancies 
(Chung, Y. W., et al., Surface Science 64: 588-602 1977; 
Henrich, V. E., et al., Phys. Rev. B 17: 4908-4021, 1978; Lo, 
W. 1., et al., Surface Science 71: 199-219 1978).”Ihe removal 
of O2- ions leaves a net positive charge in the crystalline 
lattice, but in order to preserve charge neutrality tWo elec 
trons are trapped by tWo adjacent Ti ions, changing their 
valence to +3. These surface defects are active sites for many 
catalytic reactions (Henrich, V. E., et al., Phys. Rev. B 17 
:4908-4021, 1978; Henrich, V. E., Prog. Surf. Sci. 14: 
175-199. 1983). Similarly, When TiO2 or SrTiO3 are doped 
With Nb, Ti atoms With a valence state of +3 are produced 
(Chan, N. H., et al., J. Electrochem. Soc. 128: 1762-1769, 
1981; Aukland, N., et al., J. Mater. Res. 19: 1723-1729, 
2004; Baumard. J. E, and Tani, E., J. Chem. Phys. 67: 
857-860, 1977). For every Nb5+ that is substituted for a Ti4+ 
in the crystalline lattice, an adjacent atom of Ti is converted 
from +4 to +3 valence state in order to maintain electroneu 
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trality. In addition, doping TiO2 With Nb creates Ti3+ sites 
Without the generation of oxygen vacancies (KoWalski J. M., 
Ceram. Intl. 7: 55-59, 1981). In addition, it has been reported 
that When 10M H2O2 reacts With crystalline TiO2 over a 
1-Week period, not only O2(g) but possibly other reaction 
product(s) such as Ti-peroxide (Tengvall, P., et al., Bioma 
terials 10: 166-175, 1989) is produced. 

[0011] Macrophages produce both superoxide and nitric 
oxide When stimulated. Polymorphonuclear leukocytes pro 
duce superoxide after stimulation. Superoxide undergoes a 
rapid reaction With superoxide dismutase to form hydrogen 
peroxide. Superoxide dismutase has a critical role in regu 
lating reactive oxygen species concentrations. This regula 
tory process appears to be compromised, hoWever, in tissues 
surrounding polyester implants (GloWinski, J ., et al., Euro 
pean surgical research, 29: 368-374, 1997. This is likely due 
to inactivation of the superoxide dismutase enZyme by the 
oxidative environment generated by the in?ammatory 
response, thus compounding the deleterious accumulation of 
oxidant species in the vicinity of the implant. 

[0012] In addition to superoxide, another reactive species, 
peroxynitrite, is a mediator in the in?ammatory response. 
Peroxynitrite is formed by the reaction of superoxide With 
nitric oxide at near-di?‘usion limited rates Which are several 
times faster than the reaction of superoxide With superoxide 
dismutase. Macrophages and cells from in?ammatory exu 
dates are suspected to produce peroxynitrite in vivo. 

[0013] Peroxynitrite is a very reactive oxidant thought to 
play a role in in?ammation. Clinical studies provide evi 
dence that peroxynitrite is produced during in?ammation. 
The blood serum and synovial ?uid from patients With the 
in?ammatory joint disease rheumatoid arthritis Were found 
to contain 3-nitrotyrosine markers indicating peroxynitrite 
formation, While body ?uids from normal patients contained 
no detectable 3-nitrotyrosine. Similarly, no 3-nitrotyrosine 
markers Were detected in body ?uids from patients With 
osteoarthritis, a largely non-in?ammatory joint disease. 
Importantly, it has been reported that 3-nitrotyrosine mark 
ers for peroxynitrite Were also observed at the interface 
membrane of hip implants suffering from aseptic loosening, 
Which is characteriZed by local in?ammation (Hukkanen, 
M., et al., The Journal of Bone & Joint Surgery (Br), 79: p. 
467-474, 1997; Hukkanen, M., et al., Clinical Orthopaedics 
and Related Research, 352: 53-65, 1998). 

[0014] Synthetic decomposition catalysts speci?c for per 
oxynitrite have been explored as a method of inhibiting 
damage induced by this potent reactive species (Misko, T. P., 
et al., The Journal of Biological Chemistry, 273: 15646 
15653 1998). In addition, metalloporphyrin catalysts 
capable of breaking doWn peroxynitrite have been shoWn to 
have protective effects in animal models involving in?am 
matory states ranging from splanchinic artery occlusion and 
reperfusion, experimental autoimmune encephalomyelitis, 
endotoxin induced intestinal damage and carrageenan-in 
duced paW-edema (Salvemini, D., et al., British Journal of 
Pharmacology 127: 685-692, 1999; CuZZocrea, S., et al., 
FASEB Journal, 14: 1061-1072, 2000). 

[0015] Titanium is capable of enhancing the breakdoWn 
and inhibiting the reactivity of peroxynitrite (SuZuki, R. and 
J. A. Frangos, Clinical Orthopaedics and Related Research, 
372: p. 280-289, 2000). Titanium oxide can also inhibit the 
nitration reactions of peroxynitrite at physiological pH lev 
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els compared to polyethylene. Furthermore, implants in 
Which the surface has been micropattemed With titanium 
oxide are able to break doWn peroxynitrite as effectively as 
When the entire surface is covered by titanium oxide (US 
Patent Application 20050074602 of Bjursten et al.). 

[0016] The impact of continuous attempts by an organism 
to degrade biomaterial implants can lead to increased mor 
bidity and device failure. In the case of polyurethane pace 
maker lead Wire coatings, this can result in polymer degra 
dation and steady loss of function. In the use of synthetic 
vascular grafts, this results in persistent thrombosis, 
improper healing, and restenosis. Orthopedic devices such 
as hip and knee joints have a tendency for Wear and build-up 
of ?ne debris resulting in a painful in?ammatory response. 
In addition, the surrounding tissue does not properly heal 
and integrate into the prosthetic device, leading to device 
loosening and opportunistic bacterial infections. It has been 
proposed by many researchers that chronic in?ammation at 
the site of implantation leads to the exhaustion of the 
macrophages and neutrophils, and an inability to ?ght olf 
infection. 

[0017] Because implants coated With or composed of 
titanium or some titanium alloys can still provoke an in?am 
matory response, there is a need for neW biocompatible 
materials Which provoke less of an in?ammatory response 
than titanium or titanium alloys Which are currently used to 
as biocompatible materials. 

SUMMARY 

[0018] The present teachings include biocompatible mate 
rials, as Well as methods for forming a biocompatible 
materials Which have more potent anti-oxidant properties the 
biocompatibility of medical implants. A biocompatible 
material, in some embodiments, can be comprised by a 
biomedical device such as a device that is implanted into a 
recipient. In some aspects, the biocompatible material can be 
comprised by the exposed surface of the device. 

[0019] In some aspects, the present teachings set forth 
biocompatible implants Which comprise a surface compris 
ing a crystalline titanium oxide having defects comprising 
Ti(III). In some con?gurations, a surface can comprise a 
dopant. In various con?gurations, a dopant can have a +5 
valence state, and can be a metal such as vanadium, nio 
bium, tantalum, chromium, molybdenum, tungsten, manga 
nese, rhenium, ruthenium, iridium, or a combination thereof. 
In some con?gurations, the dopant can be niobium. 

[0020] In various aspects, the crystalline titanium com 
prised by a biocompatible material can comprise TiO2, or 
can comprise a titanium alloy, such as an alloy of titanium 
oxide. In various con?gurations, the titanium alloy can be 

SrTiO3 or BaTiO3. 

[0021] In yet other con?gurations, the titanium alloy can 
further comprise a dopant, such as vanadium, niobium, 
tantalum, chromium, molybdenum, tungsten, manganese, 
rhenium, ruthenium, iridium, or a combination thereof. In 
some aspects, the titanium alloy is niobium-doped SrTiO3. 

[0022] In yet other aspects of the present teachings, a 
crystalline titanium oxide comprised by biocompatible 
implant can comprise a perovskite crystal structure, an 
anatase crystal structure or a rutile crystal structure. 
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[0023] In some con?gurations, the a biocompatible 
implant can comprise a biocompatible material Which com 
prises tWo or more layers. In some embodiments, one layer 
can comprise titanium metal or a titanium oxide, While an 
additional layer can include doped titanium or doped tita 
nium oxide. 

[0024] In yet other aspects of the present teachings, the 
inventors herein disclose methods of increasing anti-oxidant 
activity in a biocompatible material. These methods include 
coating an implant, such as a medical implant, With a 
biocompatible surface. In various embodiments, the method 
comprises subjecting a surface comprising titanium to 
anodic spark deposition (ASD). In various aspects, a surface 
produced using ASD can break doWn an reactive oxygen 
species (ROS) such as peroxynitrite, superoxide or peroxide 
at a rate greater than that of the surface prior to the anodic 
spark deposition. 

[0025] In various con?gurations, the surface comprising 
titanium can further comprise a dopant, such as vanadium, 
niobium, tantalum, chromium, molybdenum, tungsten, man 
ganese, rhenium, ruthenium, iridium, or a combination 
thereof. In some embodiments, the surface can further 
comprise niobium, While in other embodiments, a surface 
can comprise a titanium oxide. In various aspects, titanium 
oxide comprised a surface folloWing ASD can further com 
prise at least one metal, such as, for example, barium and/or 
strontium. 

[0026] In yet other aspects, the surface can comprise a 
perovskite titanate folloWing ASD. Furthermore, in some 
con?gurations, a perovskite titanate of these embodiments 
can further comprise a dopant, such as, for example, vana 
dium, niobium, tantalum, chromium, molybdenum, tung 
sten, manganese, rhenium, ruthenium, iridium, or a combi 
nation thereof. In certain aspects, the dopant of these aspects 
can be niobium. 

[0027] In yet other aspects of these methods, a surface 
remaining after ASD can comprise a titanate such as, With 
out limitation, a rutile titanate, an anastase titanate and a 
combination thereof. 

[0028] In some embodiments, methods for coating an 
implant can include depositing titanium and at least one 
other metal on the surface of a biocompatible medical 
implant to form a surface of the implant, Wherein the surface 
comprises the titanium and the metal. The implant surface 
can then be subjected to ASD, Whereby the deposited metals 
adopt rutile crystal structures, anatase crystal structures or a 
combination thereof. 

[0029] In yet other embodiments, a method is disclosed 
for coating a biocompatible implant With a perovskite titan 
ate. In various con?gurations, these methods can comprise 
depositing a titanium metal alloy on the surface of the 
implant to form a second surface overlaying the surface of 
the implant, and oxidiZing the second surface by ASD in the 
presence of an electrolyte. A perovskite titanate can form 
When the electrolyte is a cation-donating electrolyte, such as, 
for example and Without limitation, barium hydroxide or 
calcium hydroxide. 

[0030] In other aspects of the methods, titanium can be 
deposited on the surface of an implant along With rare earth 
element metal. 
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[0031] In yet other aspects of the methods, titanium can be 
deposited on the surface of an implant along With an actinide 
metal or a lanthanide metal. 

[0032] In yet other aspects of the methods, titanium can be 
deposited on the surface of an implant along With another 
metal such as vanadium, niobium, tantalum, chromium, 
molybdenum, tungsten, manganese, rhenium, ruthenium and 
iridium. 

[0033] In still other aspects, methods are disclosed for 
increasing the biocompatibility of an implant. These meth 
ods comprise establishing a titanium oxide coating on the 
surface of the implant by anodic spark deposition, thereby 
causing the crystals of titanium oxide to adopt a rutile 
structure, and anatase structure, or a combination thereof. 

[0034] In yet another embodiment, methods for increasing 
the biocompatibility of an implant are disclosed. These 
methods comprise establishing an electron doped titanium 
oxide coating on the surface of the implant by anodic spark 
deposition such that the crystals comprising said electron 
doped titanium oxide coating adopt a rutile or anatase 
structure. 

[0035] In yet another embodiment of the present teach 
ings, methods for increasing the biocompatibility of an 
implant are disclosed. These methods comprise establishing 
an electron doped perovskite titanate coating on the surface 
of the implant. 

[0036] In yet other embodiments of the present teachings, 
biomedical implant surfaces are disclosed having a perovs 
kite titanate coating. A perovskite titanate of these embodi 
ments can include titanates such as, Without limitation, 
calcium titanate, strontium titanate, barium titanate, yttrium 
titanate or a combination thereof. 

[0037] In yet another embodiment, a surface is disclosed 
Which comprises titanium alloyed With another element, 
Which may be, Without limitation, a metal such as vanadium, 
niobium, tantalum, chromium, molybdenum, tungsten, man 
ganese, rhenium, rhodium iridium or a combination thereof. 

[0038] In still another embodiment, a titanium alloy sur 
face is disclosed Which is formed by anodic spark deposition 
in the presence of an electrolyte, and Wherein the surface 
adopts a perovskite crystal structure. 

[0039] In still another embodiment, a titanium alloy sur 
face is disclosed comprising an electron doped perovskite 
crystal structure. Such a surface can be formed by anodic 
spark deposition in the presence of an electrolyte. 

[0040] In still another embodiment, a titanium metal alloy 
surface is disclosed comprising crystals of an anatase or 
rutile structure. Such a surface can be formed by oxidation 
using anodic spark deposition. 

[0041] In yet another embodiment, a titanium metal alloy 
surface is disclosed comprising a a perovskite crystal struc 
ture. Such surfaces can be formed by oxidation using anodic 
spark deposition in the presence of an electrolyte Which can 
contribute to the perovskite structure. 

[0042] In still another embodiment, a biomaterial is dis 
closed, Wherein the biomaterial is composed of titanium, and 
the surface of the biomaterial is coated by a layer of titanium 
oxide deposited by anodic spark deposition. 
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[0043] In yet another embodiment, a biomaterial is dis 
closed, wherein the biomaterial has a surface comprising 
metals adopting a perovskite crystal structure. 

[0044] In yet another embodiment, a biomaterial is dis 
closed Which comprises a titanium metal alloy at least 50% 
by Weight. A biomaterial comprising a titanium metal alloy 
at least 50% by Weight includes a biomaterial Which com 
prises a titanium metal alloy at least 51%, 52%, 53%, 54%, 
55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%, 
65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 
75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%, 
85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 
95%, 96%, 97%, 98% or 99% by Weight, or a titanium metal 
alloy 100% by Weight. 

[0045] These and other features, aspects and advantages of 
the present teachings Will become better understood With 
reference to the folloWing description, examples and 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0046] FIG. 1. The cathode is titanium metal and the anode 
is a platinum counter electrode. Both the cathode and anode 
are immersed in the electrolyte bath of H2SO4. 

[0047] FIG. 2. The titanium metal is the cathode and the 
anode is the TiO2 oxide layer because it is in contact With the 
electrolyte Which is in contact With the platinum anode. The 
titanium and oxygen ions diffuse under the force of the 
electric ?eld. When the ions meet they spontaneously form 
TiO2. 

[0048] FIG. 3. Reactive oxygen species (ROS) Were pro 
duced by the peroxynitrite donor 3-morpholinosydnon 
imine-N-ethylcarbamide (SIN-1; Cayman Chemical, Ann 
Arbor, Mich.) and Were measured as integrated chemilumi 
nescence over a 20 minute period at 370 C. The signals Were 
normalized to that of the quartz sample. The brackets 
indicate signi?cant difference (p<0.05) betWeen groups. 
Niobium (Nb) doped TiO2 reduces the concentration of 
peroxynitrite. 

[0049] FIG. 4. Reactive oxygen species (ROS) Were pro 
duced by peroxynitrite donor SIN-1 and Was measured as 
integrated chemiluminescence over a 20 minute period at 
370 C. The signals Were normalized to that of the quartz 
sample. The brackets indicate signi?cant difference (p<0.05) 
betWeen groups. Both BaTiO3 and niobium (Nb) doped 
SrTiO3 reduces the concentration of peroxynitrite better than 
TiO2. 

[0050] FIG. 5. Reactive oxygen species Were produced by 
surface-adhering neutrophils and Was measured as inte 
grated chemiluminescence over a 20 minute period at 370 C. 
The signals Were normalized to that of the quartz sample. 
The brackets indicate signi?cant difference (p<0.05) 
betWeen groups. The ability to break doWn superoxide 
produced by the neutrophils cells is improved by doping 
TiO2 With niobium (Nb). 

[0051] FIG. 6. Reactive oxygen species Were produced by 
surface-adhering neutrophils and Was measured as inte 
grated chemiluminescence over a 20 minute period at 370 C. 
The signals Were normalized to that of the quartz sample. 
The brackets indicate signi?cant difference (p<0.05) 
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betWeen groups. Anti-oxidant properties of BaTiO3 and 
niobium (Nb) doped SrTiO3 are better than TiO2. 

DETAILED DESCRIPTION 

[0052] Abbreviations and De?nitions 

[0053] To facilitate understanding of the present disclo 
sure, a number of terms and abbreviations as used herein are 
de?ned beloW as folloWs: 

[0054] Alloy: As used herein, the term “alloy” refers to a 
mixture comprising tWo or more metals. The term is not 
limited to purely metallic alloysiie, an alloy can also 
include other elements and/or impurities, such as, for 
example, oxygen. 

[0055] Titanium metal alloy: As used herein, the term 
“titanium metal alloy” refers to a mixture comprising tita 
nium and at least one other metal. A titanium metal alloy can 
further comprise other elements and/or impurities, such as, 
for example, oxygen. 

[0056] Electrolyte: As used herein, the term “electrolyte” 
refers to a substance that, in solution or in molten form, 
conducts electricity. 

[0057] Biomaterial: As used herein, the term “biomaterial” 
includes a material used to construct arti?cial tissue, organs, 
rehabilitation devices, or prostheses to replace or supple 
ment natural body tissues, and Which induces an in?amma 
tory response Within a therapeutically acceptable level When 
contacted With a body tissue, including no in?ammatory 
response. 

[0058] Biocompatible: As used herein, the term “biocom 
patible” refers to the ability of a material to perform With 
appropriate host response in a speci?c application. The term 
“biocompatible implant” includes an implant that is 
accepted by the body With little or no immune or other 
in?ammatory response. 

[0059] Implant: As used herein, the term “implant” 
includes an arti?cial device Which replaces, supplements, 
enhances, substitutes for and/or acts as a missing biological 
structure. 

[0060] Anode: As used herein, the term “anode” refers to 
the positive electrode in an electrolytic system or circuit. 
The anode is Where oxidation occurs, and the term also 
refers to the negative discharge plate in an electrochemical 
cell. The term anode is further characterized by the property 
that in solution, negative ions Will How to the anode. 

[0061] Cathode: As used herein, the term “cathode” refers 
to the negative electrode in an electrolytic system or circuit. 
The cathode is Where reduction occurs, and the term also 
refers to the positive discharge plate in an electrochemical 
cell. The term cathode is further characterized by the prop 
er‘ty that in solution, positive ions Will How to the cathode. 

[0062] Anodic spark deposition: As used herein, the term 
“anodic spark deposition” includes oxidation reactions 
occurring at voltages close to, at or above the dielectric 
breakdoWn point of the metal serving as the cathode in the 
oxidation process. In the process of anodic spark deposition, 
an oxide layer continues to groW as long as it is under an 
electric ?eld strong enough to drive the ions through the 
layer. At the breakdoWn voltage, defects, areas of concen 
trated stress and non-uniform thickness in the ?lm are 
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randomly spread throughout the surface of the oxide layer, 
making the potential voltage drop across the surface non 
uniform. When the applied potential is further increased, the 
voltage drop at these Weak points exceeds the dielectric 
strength of the layer. An extremely high concentration of 
current ?oWs through these small areas at Which time sparks 
can often be seen across the surface. Anions are strongly 
attracted by the high intensity of the electric discharge at the 
metal-anodic interface, resulting in an acceleration of depo 
sition of material through the sparking process. During the 
process of anode spark deposition, the temperature can be 
greater than the melting temperature of the metal. 

[0063] OxidiZe: As used herein, the term “oxidiZe” refers 
to the process by Which an atom loses an electron. 

[0064] Electrolytic cell: As used herein, the term “elec 
trolytic cell” includes a composition of materials that under 
the in?uence of electricity causes a redox reaction to occur. 
In an electrolytic cell, the positively charged anode is paired 
With the positively charged end of a voltaic cell, and the 
negative cathode is paired With the negative end of a voltaic 
cell, thus reversing the How of electrons from the standard 
pathWay of negative to positive (such as in a voltaic cell), to 
positive to negative. 

[0065] Dielectric breakdoWn voltage: As used herein, the 
term “dielectric break-doWn voltage” refers to the voltage at 
Which a dielectric material Will begin to conduct current. 

[0066] Perovskite: As used herein, the term “perovskite” 
includes oxides having the same crystalline structure as the 
mineral, CaTiO3, Which is usually expressed as ABO3. An 
ideal perovskite has a structure in WhichA (cation) is located 
at the center of the cubic unit cell, B (cation) is located at 
each corner and 0 (anion) is located at the center of each 
side. 

[0067] Doped/doping: As used herein, the terms “doped” 
and “doping” refer to the process of introducing impurities 
to a substance to increase its conductive properties. 

[0068] Dopant: At used herein, the term “dopant” refers to 
an impurity introduced into a substance at less than stoichio 
metric amounts, to confer a property to the substance. A 
dopant can be introduced into a substance at an amount of 
less than about 1% at. Wt. 

[0069] The present inventors disclose herein interactions 
betWeen reactive oxygen species (ROS) and titanate crystals 
such as TiO2, SrTiO3, and BaTiO3. 

[0070] The present teachings describe biocompatible 
implants comprising a surface comprising a crystalline tita 
nium oxide having defects comprising Ti(III). The present 
inventors have found that When defects and impurities are 
added to titanate crystals such as TiO2 and SrTiO3, the 
ability to degrade reactive oxygen species (ROS) is 
enhanced. 

[0071] Without being limited by theory, such defects are 
believed to serve as catalytic sites Which can destroy reac 
tive oxygen species (ROS), such as, for example, peroxides 
(e.g., hydrogen peroxides), superoxides and peroxynitrates. 
Furthermore, such defects are believed to promote a change 
in the valence state of titanium While maintaining the 
original crystal structure. Among the oxidative species 
Which can be destroyed using the titanate crystals of the 
present teachings are ROS found in biological systems, such 
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as, for example, oxidants produced by neutrophils at in?am 
mation sites. Accordingly, the introduction of such defects to 
a coating of a biocompatible implant can reduce tissue 
reactions. Since We hypothesiZed that surface defects can be 
the active sites for the catalytic reaction, increasing their 
density should have increased the amount of ROS catalyZed. 
Consistent With this hypothesis, the annealed samples in 
vacuum to produce a greater density of oxygen defects and 
therefore an increased density of Ti3+ sites, enhancing the 
degradation of ROS. The reverse Was also shoWn to be true: 
reannealing the reduced samples at 950 C in air can decrease 
the ef?ciency of ROS degradation. It is believed that this 
effect results from ?lling oxygen vacancies. In addition, 
ROS generated by both SIN-1 and neutrophils Were 
degraded at a signi?cantly greater rate on Nb-doped TiO2 
surfaces in comparison to undoped TiO2 surfaces. In addi 
tion, Without being limited by theory, the present inventors 
have shoWn that the antioxidant properties of titanate oxides 
depend on the concentration of Ti(III) sites. This Was evident 
With crystalline surfaces that Were vacuum annealed, pro 
ducing higher concentrations of Ti(III) defects, and then 
reannealed to decrease the concentration of oxygen vacan 
cies, thus loWering the concentration of Ti(III). In some 
embodiments of the present teachings, the inventors ?nd that 
a more effective method of introducing Ti(III) is by doping 
TiO2 and SrTiO3, With Nb. The addition of Nb creates the 
same defects but Without the creation of oxygen vacancies. 
Hence, in various aspects, Nb-doped TiO2 and SrTiO3 com 
prise a novel class of biomaterials or biomaterial coatings 
Which have superior antioxidant properties. 

[0072] In some embodiments of the present teachings, the 
inventors have found that active sites comprising Ti3+ can be 
generated in other transition metal oxides. In some aspects, 
SrTiO3 can have a perovskite cubic crystal structure With 
cations Sr and Ti having valence states +2 and +4, respec 
tively. Similar to TiO2, SrTiO3 in certain aspects can be 
doped With Nb, Where it substitutes on the Ti site (KoWalski, 
J. M., et al., Ceram. Intl. 7:55-59, 1981). For every Nb5+ that 
is added to the lattice, one adjacent Ti atom changes its 
valence state to +3 (Chan, N. H., J. Electrochem. Soc. 
128:1762-1769, 1981; Aukland, N., et al., J. Mater. Res. 19: 
1723-1729, 2004). The present inventors have found in 
some aspects of the present teachings that doping SrTiO3 
With Nb can confer similar enhancement of antioxidant 
properties as Nb-doped TiO2. 

[0073] In some aspects, the present inventors observed 
that BaTiO3 can be, in both the neutrophil and cell-free 
systems, a more effective catalyst than SrTiO3. In some 
aspects, both materials can have similar surface composi 
tions Where the surface is terminated by BaO and TiO2 for 
BaTiO3, and SrO and TiO2 for SrTiO3. HoWever, BaTiO3 
can be more prone to defects than SrTiO3 (Lo, W. J.,et al., 
Surface Science 71: 199-219, 1978). This is consistent With 
our hypothesis that the antioxidant properties of the titanium 
oxide surfaces are enhanced by increased surface defects. 

[0074] In some embodiments, a titanium oxide defect 
having anti-oxidant activity can further comprise a dopant 
having a +5 valence state. Hence, many metal ions can serve 
as dopants having a +5 valence state. Some non-limiting 
examples of dopants Which can be comprised by Ti(III) 
containing defects in a titanium oxide include vanadium, 
niobium, tantalum, chromium, molybdenum, tungsten, man 
ganese, rhenium, ruthenium, iridium, and a combination 
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thereof. In particular, niobium can be a dopant for titanium 
oxides for the anti-oxidizing materials of the present teach 
ings. 

[0075] Other embodiments of the present teachings 
include crystalline titanium alloys Which can have crystal 
line structures that include defects Which can catalyZe 
destruction of reactive oxygen species. These alloys can also 
comprise Ti(III)-containing defects Which can catalyZe 
destruction of ROS. 

[0076] In various con?gurations, X-ray Photoelectron 
Spectroscopy @(PS) can be used to measure Ti(III) content, 
as Well as content of other ions, of a biomaterial of the 
present teachings. See, e.g., Practical Surface Analysis 
Auger and X-ray Photoelectron Spectroscopy, D. Briggs and 
M. P. Seah (Editors), Wiley Interscience, 1990 (2nd ed.); 
Photoelectron Spectroscopy (Springer Series in Solid-State 
Sciences Vol. 82), S. Huefner, Springer Verlag, 1995; Intro 
duction to Photoelectron Spectroscopy (Chemical Analysis 
Vol. 67), P. K. Ghosh, Wiley Interscience, 1983; Handbook 
of Monochromatic XPS SpectraiVol. liThe Elements 
and Native Oxides, B. V. Crist, XPS International, Inc., 
1999; Modern ESCAiThe Principles and Practice of X-ray 
Photoelectron Spectroscopy, T. L. Barr, CRC, 1994; Hand 
book of X-ray Photoelectron Spectroscopy, J. Moulder, 
William F. Stickle, P. E. Sobol, and K. D. Bomben, (J. 
Chastain, editor) Perkin Elmer Corporation (Physical Elec 
tronics), 1992 (2nd edition). 

[0077] In some non-limiting examples, a crystalline tita 
nium alloy can be SrTiO3 or BaTiO3. Furthermore, in some 
aspects, a crystalline titanium alloy can comprise a perovs 
kite crystal structure. In addition, in some con?gurations, a 
crystalline titanium alloy can further comprise a dopant. In 
some con?gurations, a dopant can enhance the anti-oxidant 
activity of the alloy. Some non-limiting examples of dopants 
Which can enhance anti-oxidant activity of a titanium alloy 
include vanadium, niobium, tantalum, chromium, molybde 
num, tungsten, manganese, rhenium, ruthenium, iridium, 
and a combination thereof. In some aspects, the titanium 
alloy can be SrTiO3 and the dopant can be niobium, or the 
titanium alloy can be BaTiO3 and the dopant can be niobium. 

[0078] In various embodiments, a titantium alloy of the 
present teachings can comprise anatase crystals, rutile crys 
tals, or a combination thereof. These crystal structures can 
also, in some con?gurations, comprise defects Which can 
provide catalytic sites Which can destroy oxidative species. 
These catalytic sites are believed to comprise Ti(III) and do 
not require a dopant. 

[0079] In various embodiments, a biocompatible implant 
comprising a surface comprising a crystalline titanium oxide 
having defects comprising Ti(III) can be a biomedical 
device, such as, in non-limiting example, a heart valve, a 
prosthesis of the abdominal aorta, an arti?cial polymeric 
vessel, an arti?cial articulation, a medical seWing material, 
a Wound dressing, an adhesion material, a polymeric bone 
implant, an arti?cial skin implant, an adsorbent, or a phar 
macological microcapsule. 

[0080] In various embodiments of the present teachings, 
the inventors set forth methods of coating an implant With a 
biocompatible surface. These methods include subjecting a 
surface comprising titanium to anodic spark deposition, 
Wherein the surface breaks doWn reactive oxygen species, 
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such as peroxynitrite, at a greater rate after the anodic spark 
deposition compared to the surface prior to the anodic spark 
deposition. Measuring the breakdoWn rate of peroxynitrate 
can be accomplished using the methods Well knoWn to 
skilled artisans, such as the methods described in the 
Examples herein. In addition, in various embodiments, 
titanium can be deposited on the surface of a biocompatible 
implant using methods Well knoWn to skilled artisans, such 
as, for example, chemical vapor deposition techniques, 
including plasma-enhanced chemical vapor deposition tech 
niques (Schropp, R. E. I, et al., Materials Physics and 
Mechanics 1: 73-82, 2000; Jaeger, R. C., “Film Deposition”, 
in: Introduction to Microelectronic Fabrication. Upper 
Saddle River: Prentice Hall, 2002. ISBN 0-201-44494-7). 

[0081] In various aspects, a biocompatible surface formed 
by the methods can further comprise a dopant, Which can be 
a metal such as those listed herein, in particular niobium. 
Furthermore, in some aspects, a surface comprising titanium 
can comprise titanium oxide (TIO2). In yet other aspects, the 
methods can be used to form a titanium oxide Which further 
comprises a metal, such as barium or strontium. 

[0082] In various con?gurations, such combinations of 
titanium oxide With a metal can be comprised by perovskite 
crystals, Which can be formed using anodic spark deposition. 
In some con?gurations, a perovskite crystal can comprise 
the titanium, the oxygen and the metal in stoichiometric 
ratios. In addition, in some con?gurations, a perovskite 
titanate can further comprise a dopant, such as a metal 
dopant as set forth herein, and can be a metal having a 
valence of +5. In some con?gurations, the dopant can be 
niobium. 

[0083] In yet other con?gurations, the present methods 
can yield a biocompatible implant having a surface com 
prising titanium oxide in the form of a rutile titanate, an 
anastase titanate, or a combination thereof. Such titanates 
can comprise defects Which render them effective for 
destroying oxidants, and can be formed using anodic spark 
deposition. In yet other con?gurations, one or more dopants 
can be introduced to a surface, thereby forming a rutile 
titanate, an anastase titanate, or a combination thereof com 
prising a dopant. 

[0084] The present teachings provide methods and com 
positions Which increase the biocompatibility of titanium 
alloys. These methods use processes that induce formation 
of particular crystal structures, and oxidation techniques for 
forming electron doped titanium oxide and perovskite ?lms. 
The present teachings are directed to coatings and layers, 
devices, implants and other surfaces adapted to be implanted 
Within a human body, or to be in contact With one or more 

tissues susceptible to in?ammatory response, as Well as 
methods for making such devices. Non-limiting examples of 
such coatings, layers, devices and implants include heart 
valves, prostheses of the abdominal aorta, arti?cial poly 
meric vessels, arti?cial articulations, medical seWing mate 
rials, Wound dressings, adhesion materials, polymeric bone 
implants, arti?cial skin implants, adsorbents, oxygen carri 
ers, microcapsule polymeric materials for pharmacology, 
viscoelastic materials, bioadhesion materials and tooth 
croWns. As used herein, the term implantable device can 
include a partially implanted device such as, for example, an 
ophthalmic lens or a contact lens for correcting vision. In 
addition to implant devices, storage containers and surfaces 
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in Which tissue is contacted can be coated With materials of 
the present teachings to prevent degradation of the tissue due 
to in?ammatory or other responses to superoxide (02) or 
other oxidants. 

[0085] The present teachings disclose using anodic spark 
deposition (ASD) and electron doping to enhance the bio 
compatibility of titanium coated implants. In some embodi 
ments of the present teachings, a medical implant can be 
coated on at least a portion of a surface With a biocompatible 
layer deposited by ASD. In various aspects, a coating 
produced by ASD can be thicker than a natural oxide layer 
that can form on the surface of many of metals used in 
implant technology, such as titanium. 

[0086] The present teachings are also directed to surfaces 
that are coated With a layer of electron doped titanium oxide, 
perovskite titanate, or electron doped perovskite titanate. 

[0087] In some embodiments, the present teachings dis 
close using the biomaterials described herein not only as 
implants, but also as surfaces for the culturing of tissue 
and/or cell samples, as Well as components of containers 
used for the storage of biological material. In some aspects, 
such surfaces and containers can be completely inert With 
regard to any immunological functions retained by the 
tissue/ cell samples. Accordingly, in some aspects, the teach 
ings include methods of culturing tissues and cells. In 
various aspects, these methods comprise culturing and/or 
storing a tissue or cell culture in a container comprising a 
biomaterial described herein. 

[0088] ASD can provide the extra energy to form crystal 
line phases of an oxide. In some embodiments, phases of 
titanium oxide can be anatase and rutile. 

[0089] The phenomenon of metal transfer by short dura 
tion electric discharge is Well-knoWn. It is believed that 
metal melted due to the high temperature of a spark can be 
transferred from an electrode to a surface via an expanding 
gas bubble. Generally, maximum material transfer is made 
When the counter-electrode is the anode and the surface to be 
coated is the cathode of a discharge circuit. 

[0090] Anodic oxidation and anodic spark discharge 
(ASD) are essentially the same processes With the exception 
that ASD takes place at high applied potentials Where the 
dielectric breakdoWn of the oxide layer occurs. Titanium, for 
example, forms a natural oxide layer upon exposure to air 
and is mainly composed of TiO2. The thickness of the TiO2 
layer ranges from 5 to 10 nm depending on the temperature 
and humidity. 

[0091] In various con?gurations of the present teachings, 
ASD can produce a titanium oxide layer ranging from 200 
to 300 nm. 

[0092] Anodic oxidation can be effected by placing a 
titanium metal sheet, for example, in an electrolytic cell. The 
bath of the electrolytic cell can provide good conductivity 
betWeen the titanium sheet and the counter electrode. HZSO4 
is a common choice for an electrolyte in such cells. In these 
cells, a titanium metal can be held at a potential positive to 
the counter electrode, Which is usually composed of either 
platinum or silver chloride. 

[0093] In anodic oxidation, an electrode reaction in com 
bination With electric-?eld-driven metal and oxygen ion 
diffusion can lead to the formation of an oxide ?lm at the 
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surface of the titanium sheet. The oxide surface can be in 
contact With the electrolyte, Which can be in contact With the 
anode. The main reactions of anodic oxidation can be 
represented by the folloWing reaction schemes: 

[0095] The applied electric ?led led to the formation of the 
oxide: 

[0096] The oxide can keep groWing as long as the electric 
?eld is strong enough to drive the ions through the ?lm. The 
thickness Will be approximately linearly dependent on the 
applied voltage until the dielectric breakdoWn voltage is 
reached (betWeen 100 to 160 volts for TiOZ). There is a 
range in the value of the breakdoWn voltage because of the 
non-uniformity of the oxide ?lm. Defects, areas of concen 
trated stress and non-uniform thickness, can be randomly 
spread throughout the surface, making the potential voltage 
drop across the surface non-uniform. When the applied 
voltage increases past the breakdoWn voltage, the voltage 
drop at these Weak points exceeds the dielectric strength of 
the layer. An extremely high concentration of current ?oWs 
through these small areas, at Which time sparks can be seen 
across the surface. Anions are strongly attracted by the high 
intensity of the electric discharge at the metal-anodic inter 
face, Which highly accelerates the deposition of material 
through the sparking process. The temperature can vary 
from 2000 to 8000 K at these localiZed points, temperatures 
Which are easily larger than the melting temperatures of the 
metal. Molten spots can and have been observed. Although 
the localiZed temperatures are high, there is rapid cooling by 
the bath. 

[0097] In some aspects of the present teachings, ASD can 
also be used to form perovskites such as BaTiO3. In this 
case, the difference from the above process is that the 
electrolyte used is Ba(OH).8H2O. This electrolyte alloWs for 
the initial groWth of TiO2 but also provides the reaction 
cation, Ba“. The solid state reaction betWeen Ba2+ and TiO2 
takes place When the breakdoWn voltage is reached. The 
reaction is initiated by the spark discharges Which provide 
the necessary energy to form the perovskite structure of 
BaTiO3. Other factors such as pH, temperature and current 
density can also have an effect on the oxide layer formed. 

[0098] An electrolyte used in the present teachings can be 
any other electrolyte capable of donating a cation to the 
perovskite structure of crystals comprising the metal sur 
face, such as, in non-limiting example, Ca(OH)2. In some 
embodiments, anode spark deposition can be used to form 
CaTiO3. In addition to calcium, an electrolyte can comprise 
one or more cations such as, for example barium or stron 
tium ions. 

[0099] Some embodiments of the present teachings 
include perovskite coatings. In various aspects, ASD can be 
used on a surface comprising a titanium alloy in the presence 
of an electrolyte such as barium hydroxide or calcium 
hydroxide. The resultant perovskite crystals may be electron 
doped or undoped, depending on the nature of the underly 
ing titanium alloy. 

[0100] In various con?gurations, a biocompatible implant 
coated using ASD does not have to be planar; a surface of 
any shape can be coated. 
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EXAMPLES 

[0101] Aspects of the present teachings may be further 
understood in light of the following examples, Which should 
not be construed as limiting the scope of the present teach 
ings in any Way. 

Example 1 

Niobium Doped TiO2 Reduced Peroxynitrite 
concentration 

[0102] An in vitro assay used SIN-1 as a donor of perox 
ynitrite. Peroxynitrite concentration Was measured as inte 
grated chemiluminescence over a tWenty minute period at 
370 C. FIG. 3 shoWs that niobium doped TiO2 reduced the 
concentration of peroxynitrite. (FIG. 3). 

Example 2 

Perovskite Titanates Reduced Peroxynitrite 
Concentration More than TiO2 

[0103] Reactive oxygen species Were produced by perox 
ynitrite donor SIN-1. Peroxynitrite concentration Was mea 
sured as integrated chemiluminescence over a tWenty minute 
period. The assay Was conducted at 370 C. FIG. 4 shoWs that 
BaTiO3 and NbiSrTiO3 Were better at reducing the con 
centration of peroxynitrite than TiO2. 

Example 3 

Neutrophil-Generate Reactive Oxygen Species Were 
Reduced by Niobium Doped TiO2 and Perovskite 

Titanates 

[0104] Surface adhering neutrophils produced reactive 
oxygen species that Were measured as integrated chemilu 
minescence over a tWenty minute period. The signals Were 
normalized to that of the quartz sample. FIG. 5 and FIG. 6 
shoW that the ability to break doWn superoxide produced by 
neutrophils cells Was improved by doping TiO2 With nio 
bium (FIG. 5) or by using perovskite-doped titanates (FIG. 
6). 

Example 4 

Anodizing and Anodic Spark Deposition Process 

[0105] Anodizing and Anodic Spark Deposition are simi 
lar processes, With the difference being that anodic spark 
deposition takes place at high applied potentials Where the 
dielectric breakdoWn of the oxide layer occurs. 

[0106] A titanium sheet Was placed in an electrolytic cell 
(see FIG. 1). The bath of the electrolytic cell contained an 
electrolyte that provided good conductivity betWeen the 
titanium sheet and the counter electrode. H2SO4 Was used as 
an electrolyte. The titanium metal Was held at a positive 
potential relative to the counter electrode, Which Was com 
posed of either platinum or silver chloride. 

[0107] The electrode reactions in combination With elec 
tric ?eld driven metal and oxygen ion diffusion led to the 
formation of an oxide ?lm on the surface of the anode. The 
main reactions of anodic oxidation can be represented by the 
folloWing reaction schemes: 
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[0110] The applied electric ?led led to the formation of the 
oxide: 

[0111] The oxide kept groWing as long as the electric ?eld 
Was strong enough to drive the ions through the ?lm, With 
the thickness almost linearly dependent on the applied 
voltage. 
[0112] When the dielectric break doWn voltage Was 
reached (about 100 to 160 volts for TiO2), areas of concen 
trated stress and non-uniform thickness in the ?lm randomly 
spread throughout the surface, making the potential voltage 
drop across the surface non-uniform. 

Other Embodiments 

[0113] The detailed description set-forth above is provided 
to aid those skilled in the art in practicing the present 
teachings. Equivalent embodiments are intended to be 
Within the scope of these teachings. lndeed, various modi 
?cations in addition to those shoWn and described herein 
Will become apparent to those skilled in the art from the 
foregoing description Which do not depart from the spirit or 
scope of the present teachings. Such modi?cations are also 
intended to fall Within the scope of the appended claims. 
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What is claimed is: 
1. A biocompatible implant comprising a surface com 

prising a crystalline titanium oxide having defects compris 
ing Ti(III). 
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2. A biocompatible implant in accordance With claim 1, 
wherein the crystalline titanium oxide having defects com 
prising Ti(lll) comprises a dopant having a +5 valence state. 

3. A biocompatible material in accordance With claim 1, 
Wherein the crystalline titanium oxide having a defect com 
prising Ti(lll) comprises a dopant selected from the group 
consisting of vanadium, niobium, tantalum, chromium, 
molybdenum, tungsten, manganese, rhenium, ruthenium, 
iridium, and a combination thereof. 

4. A biocompatible material in accordance With claim 3, 
Wherein the dopant is niobium. 

5. A biocompatible implant in accordance With claim 1, 
Wherein the crystalline titanium oxide comprises TiO2. 

6. A biocompatible implant in accordance With claim 1, 
Wherein the crystalline titanium oxide comprises a titantium 
alloy. 

7. A biocompatible implant in accordance With claim 6, 
Wherein the titanium alloy is selected from the group con 
sisting of SrTiO3 and BaTiO3. 

8. A biocompatible implant in accordance With claim 6, 
Wherein the titanium alloy further comprises a dopant 
selected from the group consisting of vanadium, niobium, 
tantalum, chromium, molybdenum, tungsten, manganese, 
rhenium, ruthenium, iridium, and a combination thereof. 

9. A biocompatible implant in accordance With claim 7, 
Wherein the SrTiO3 is niobium-doped SrTiO3. 

10. A biocompatible implant in accordance With claim 1, 
Wherein the crystalline titanium oxide comprises a perovs 
kite crystal structure. 

11. A biocompatible implant in accordance With claim 1, 
Wherein the crystalline titanium oxide comprises an anatase 
crystal structure. 

12. A biocompatible implant in accordance With claim 1, 
Wherein the crystalline titanium oxide comprises an rutile 
crystal structure. 
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13. A biocompatible implant in accordance With claim 1, 
Wherein the biocompatible implant is a biomedical device. 

14. A method of coating an implant With a biocompatible 

surface, the method comprising subjecting a surface com 
prising titanium to anodic spark deposition, Wherein the 
surface breaks doWn peroxynitrite at a greater rate after the 

anodic spark deposition compared to the surface prior to the 
anodic spark deposition. 

15. A method in accordance With claim 14, Wherein the 
surface comprising titanium further comprises a dopant. 

16. A method in accordance With claim 15, Wherein the 
dopant comprises niobium. 

17. A method in accordance With claim 14, Wherein the 
surface comprising titanium comprises a titanium oxide. 

18. A method in accordance With claim 17, Wherein the 
titanium oxide further comprises a metal selected from the 
group consisting of barium and strontium. 

19. A method in accordance With claim 17, Wherein the 
surface comprises a perovskite titanate after the anodic spark 
deposition. 

20. A method in accordance With claim 19, Wherein the 
perovskite titanate further comprises a dopant. 

21. A method in accordance With claim 20, Wherein the 
dopant is niobium. 

22. A method in accordance With claim 14, Wherein after 
the anodic spark deposition, the surface comprises a titanate 
selected from the group consisting of a rutile titanate, an 
anastase titanate and a combination thereof. 


